This study deals with the occurrence of oxidative stress and antioxidant response in the Antarctic intertidal limpet Nacella concinna, as an effect of temperature increments and H 2 O 2 exposure under controlled laboratory conditions. Experiments were designed to simulate transient conditions of increased T and/or H 2 O 2 accumulation met by the limpets in intertidal rockpool habitats [5] . Specimens were collected at Jubany Station, South Shetland Islands, transferred to the Alfred-Wegener Institute, Bremerhaven and maintained in seawater aquaria at 0°C. Different groups of animals were acclimated at 4 and 9°C for 24-48 h (controls at 0°C). The effect of starvation was studied at 0°C and of H 2 O 2 exposure at 4°C. Temperature acclimation above 0°C resulted in a progressive alteration of the lysosomal compartment in digestive gland cells, as shown by cytochemical analyses (lipofuscin and neutral lipid accumulation and lysosomal membrane destabilization). Concurrently, real activities of the antioxidant enzymes superoxide dismutase (SOD) and catalase (i.e. measured at the respective experimental temperature or calculated by means of previously determined Q 10 values) increased in gills and digestive gland tissues. Measurements of intracellular pH at the different temperatures showed a rise from pH 7.21 at 0°C to 7.36 at 9°C. These changes in pH are indicated to increase SOD activity by approximately 10% in both kinds of tissue at 9°as compared to 0°C. H 2 O 2 exposure at 4°C produced physiological alterations at the systemic (lowered O 2 consumption) and at the cellular levels (enhanced lysosome damage). Starvation induced lysosomal alterations in animals kept at 0°C and inhibited CAT activation under H 2 O 2 exposure at 4°C. The complex of data suggests that when Nacella migrates to intertidal levels during the Austral Spring it experiences oxidative stress which induces an antioxidant response, which is facilitated by higher temperatures and increasing intracellular pH and the exploitation of intertidal food resources. Yet, the occurrence of cellular damage and systemic alterations shows that the limpets approach their boundaries of physiological tolerance during prolonged exposure to higher temperatures and H 2 O 2 in intertidal habitats.
Introduction
Marine ectotherms do not regulate their body temperature independently of temperature variations in the environment. Within certain tolerance boundaries (critical temperatures as defined in [31] ), elevated environmental temperatures will therefore stimulate metabolic rate increments. Respiration is a good measure for the metabolic rate of a given animal, as it equals the sum of all processes active at the time of the measurement, with the only restriction that it disregards anaerobic energy production. As an estimated proportion, 2-3% of the oxygen consumed by aerobic cells is converted to oxygen radicals (O 2 − ) and H 2 O 2 [12, 33] and increasing tissue oxygen consumption will entail elevated rates of ROS (reactive oxygen species) production in mitochondria [8, 9] . Higher temperatures are therefore prone to enhance ROS release, thereby increasing the risk of oxidative damage.
Radical formation and subsequent damage are balanced by an array of cellular antioxidants. Main antioxidant enzymes such as superoxide dismutase ( and organic hydroperoxides, while other glutathione enzymes catalyze the conjugation of xenobiotics or ROS-damaged cell compounds and provide regeneration of reduced glutathione, thus functioning more as a repair system [36] . Low molecular antioxidants function as radical quenchers and as chain breaking compounds, 6iz. i-carotene, the vitamins A (retinol), E (tocopherol) and C (ascorbic acid), glutathione, uric acid and in different organisms also the hemoglobin breakdown products bilirubin and biliverdin [17, 35, 2] .
The nature of stress is, that it impinges a strain on an organism, which cannot be fully balanced by an adaptive response [34] . In case of oxidative stress, this happens when the capacity of the antioxidant system is overwhelmed by the sudden load of ROS released in a tissue and oxidative damage starts to manifest. An example is the ROS release from the microsomal P450 system owing to detoxification of xenobiotic contaminants [29] . Temperature induced ROS release from mitochondria, although a different form of disturbance, apparently produces the same physiological effect, including the increase of antioxidant defense. Thus, intracellular ROS liberation could be a common feature, accompanying physiological strain, owing to a wide range of different ecological disturbances.
Although all classes of macromolecules are susceptible to radical attack, polyunsaturated fatty acids are extremely labile to oxidation owing to their conjugated double bond structures. Higher levels of polyunsaturated fatty acids in biomembranes contribute to preserve membrane fluidity at low temperatures and therewith ensure functioning of integral membrane proteins. At the same time a higher degree of lipid unsaturation could exacerbate membrane susceptibility to radical attack [40] , leading to the formation of lipid-hydroperoxides (lipid-OOH).
The present study was designed to evaluate oxidative stress and antioxidant balance in the non-strictlystenothermal Antarctic limpet, Nacella concinna. The animal colonizes shallow water and intertidal habitats in Antarctic and sub-Antarctic coastal areas and the response of oxygen uptake to elevated temperatures has already been intensely studied [28] . These animals, which migrate between shallow subtidal and intertidal habitats [42, 10] , are exposed to fluctuations of water temperature in intertidal rockpools that on sunny days can reach more than 10°C during short periods of 2-4 h. We also found that during their stay in the intertidal, the animals experience elevated H 2 O 2 concentrations in-situ. In the Antarctic warm season, H 2 O 2 can reach micromolar concentrations in surface or intertidal pool water (52 vmol l − 1 , Abele unpublished data), thereby interfering with key physiological processes of animals [1] [2] [3] .
We experimentally investigated cellular responses originating from limpet exposure to elevated environmental temperatures, also in combination with high external levels of H 2 O 2 under controlled conditions. Furthermore, considering the general importance of diet for the maintenance of the cell antioxidant machinery [27] and the strong seasonality of food supply in Antarctic sea environments [7] , we also tested the effects of starvation on the capabilities of limpets to tolerate oxidative stress.
The effects of oxidative stress were evaluated at the cellular level in terms of lysosome alterations in digestive gland tissues. The lysosomal compartment is in fact an important target of uncontrolled oxidative processes, involving leakage of lysosomal enzymes into the cytosol and thereby leading to severe damage to cells [24, 23] . Lysosomal membranes are especially susceptible to free radical damage and liberation of lysosomal enzymes can serve as a general marker for radical attack of cellular membranes [26, 44] . In addition, accumulation of neutral lipids can also serve as a strictly related index of lysosomal alteration [23] , while lipofuscin accumulation is a well known marker of oxidative stress [38] . In this context, analysis of tissue levels of lipid soluable low molecular antioxidants (e.g. tocopherol) would have been an important cue. This was, however, not feasible owing to the restricted availability of experimental animals.
Another question was, how temperature would affect antioxidant enzyme activity. Basically, enzymatic activity is increased at high temperatures according to van Hoff's rule, resulting in a Q 10 which generally lies between 2 and 3. A second factor which might modulate antioxidant enzyme activity is a shift of the intracellular acid/base status in response to changing environmental temperatures [31] . Thus, we measured temperature induced changes of the intracellular pH in limpet tissues and the dependency of SOD activity on pH. In a final approach, we tested the environmental insult that elevated H 2 O 2 concentrations in seawater represent for limpet metabolism (M : O 2 ) and the re-sponse in term of CAT activity that peroxide exposure elicits in fed and starved animals.
Material and methods

Chemicals
Naphtol
AS-BI N-acetyl-i-D-glucosaminide, Polypep, fast violet B salt, oil red O and triethylphosphate were from Sigma (St. Louis, MO). The oxyradical probe dihydrorhodamine 123 (DHR) was from Molecular Probes (Eugene, OR). The fluorescent dye N,N-diethyl-p-phenylenediamine (DPD) and antioxidant enzyme standards were purchased from SigmaAldrich (Germany). All other reagents were of analytical grade.
Animal collection and transport
Specimens of the Antarctic limpet Nacella concinna were collected at Jubany Station, King-George-Island (South Shetland Islands) in February 1996. Animals were sampled by divers from shallow subtidal habitats in 5 -7 m water depth and transported on FS Polarstern to the Alfred-Wegener Institute in Bremerhaven, where they were kept in seawater aquaria at 0°C. Animals had a mean shell length of 29.893.3 mm corresponding to a body fresh weight of 2.1 g, calculated according to Favero et al. [15] . We did not distinguish sex or reproductive stage of specimens.
Temperature experiments and exposure to H
One month before starting the experiments, in October 1996, a batch of 40 animals was isolated and kept without feeding thereafter for starvation experiments. To evaluate the effect of temperature, 30 animals which had been regularly fed were transferred to 4°C. Two days later, 15 of these animals were transferred to 9°C. Thereby, the temperature increase from 0 to 9°C was achieved in two steps with a 2 day intermediate exposure to 4°C. Animals were used for analysis after 24 or 48 h exposure to 4°C and after 24 at 9°C.
In a second experiment, the effect of H 2 O 2 on fed and starved limpets was tested by exposing animals to concentrations between 3 and 5 vmol l − 1 over a time of 4 h. The experiment was carried out at 4°C and animals were pre-adapted to that temperature for 2 days. Hydrogen peroxide from a 0.2 mmol l − 1 stock solution was added to filtered seawater (34 o/oo, 2 vm) at the indicated concentration. The experiment was carried out in the dark to minimize H 2 O 2 -photodestruction. The H 2 O 2 -concentration was controlled fluorimetrically in the incubation water at hourly intervals, using the method by Andreae [5] as described in AbeleOeschger et al. [4] . The experimental temperature of 4°C was chosen, because, if the animals encounter high hydrogen peroxide levels in their natural habitat, this will be in rockpools on sunny days with intense radiation, which will also lead to warming of the rockpool water (Abele, unpublished data).
Assessment of lysosomal alterations
Lysosomal membrane stability was evaluated by a cytochemical procedure based on N-acetyl-ihexosaminidase activity (EC 3.2.1.52), an enzyme which participates in lysosomal hydrolase activities. Lysosomal destabilization was measured on cryostat sections (OTF Cryostat, Bright Instrument Company, Huntingdon, UK) and the increased lysosomal permeability to the substrate (naphtol AS-BI N-acetyl-i-D-glucosaminide) visualized by the enzymatic reaction, followed by diazonium coupling. We used a slightly modified version of the protocol as given by Moore [21, 23] . In particular, sections mounted on slides were treated with 0.1 M Na-citrate-2.5% NaCl (w:v), pH 4.5 at 37°C for different times (0, 3, 5, 10, 15, 20, 30 and 40 min) in order to find out what pre-treatment time was needed to completely destabilize the lysosomal membrane. The labilization period was assessed by measuring lysosomal optical density with a transmission microscope digital imaging system (CUE-2 software, Galai, Israel). Optical density was averaged on four randomly selected fields in each of four sections from different individuals (n= 4).
Lipofuscin and unsatured neutral lipid contents of lysosomes were cytochemically determined on cryostat sections as described by Moore [23] . Sections (n=6) were analyzed by digital imaging as described above.
Detection of oxyradical production
Aliquots of crude homogenates from foot tissue were incubated with 30 mM Hepes (pH 7.2), 3.2 vM dihydrorhodamine 123 (DHR) [14] . DHR is a non-fluorescent derivative which is converted to the fluorescent dye rhodamine 123 upon reaction with ROS. Probe fluorescence signal was detected by using a Perkin Elmer LS 50B spectrofluorometer (ex.= 505 nm, em.= 534 nm, slit= 2.5 nm). ROS production was expressed as fluorescence increase versus time.
Measurements of intracellular pH (pH i )
Measurements of intracellular pH were done in gills and occasionally in digestive gland tissue according to Pö rtner et al. [30] . Freshly excised tissue was homogenized under liquid nitrogen using a mortar and pestle. Approximately 50 mg frozen tissue powder was mixed with 250 vl of ice-cold potassium fluoride medium (160 mmol l − 1 ). Nitrilotriacetate was not added because previous tests showed that this chelator affects the measurements, owing to high Ca 2 + and Mg 2 + levels. After brief mixing on a vortex and 1 min centrifugation at 13000×g, the pH in the supernatant was measured in a pH capillary electrode (Radiometer, Copenhagen G297/G2).
Antioxidant enzymes
Catalase (CAT E.C. 1.11.1.6) and superoxide dismutase (SOD E.C. 1.15.1.1) activities in crude homogenates were measured as described elsewhere [11] . SOD was assayed mostly via the quenching of pyrogallol autoxidation according to Marklund and Marklund [20] . Only when pH dependency of SOD in gill tissue was tested we used the xanthine oxidase/cytochrome c assay according to Livingstone et al. [19] . This was because the xanthine oxidase (XOD) catalyzed generation of O 2 − was found to be less affected by pH than the autoxidation of pyrogallol. Glutathione peroxidase (GPOX, E.C. 1.11.1.9) activity was assayed according to Gü nzler and Flohé [16] with H 2 O 2 as a substrate as described in Abele-Oeschger et al. [3] .
Determination of antioxidant enzyme Q 10
Antioxidant enzymes were generally assayed at standard assay temperatures of 20°C. However, Q 10 values of SOD and CAT were determined on selected samples by simultaneous measurements at 2 different temperatures. This also allowed to infer real enzyme activities of the animals acclimated to different temperatures. A Q 10 determination for GPOX activity was not feasible under the applied assay conditions, because activities were already at the limit of determination at 20°C. For the low temperature assays the sample holder of a Beckmann DU 7400 spectrophotometer was cooled and temperature controlled in the assay cuvettes with a digital thermometer (Physitemp Type T). Whereas the CAT assay posed no problem at temperatures as low as 1.5°C, this was different for the SOD assay, due to the need of a pre-reaction in which oxygen radicals are generated at a constant rate. Although O 2 − generation by pyrogallol autoxidation was considerably slowed at lower temperatures, this assay was found to be less affected by temperature than the enzymatic radical production by XOD. However, higher concentrations of pyrogallol had to be used at lower temperatures and controls were run at room temperature to check for the effect of the applied pyrogallol concentrations on SOD activity. In conclusion, it was possible to measure both CAT and SOD activities at 20, 10 and 4°C, whereas only CAT was measured also at 1.5°C. SOD activities at 0°C, when given, have consequently been extrapolated using the Q10 for SOD activity between 20 and 4°C.
Respirometry before and after H 2 O 2 exposure
Measurements of oxygen consumption before and after exposure to 3 and 5 vmol H 2 O 2 l − 1 in natural seawater were carried out with individual animals. These experiments were performed in the Dallmann laboratory at Jubany Base, King-George Island in January 1997.
Animals used for respirometry were kept at 1°C in seawater aquaria for at least 5 days prior to the experiment. Measurements were done at a temperature of 1°C in a flow-through respirometer (Fa. Eschweiler Germany) at a constant flow rate of 36 ml h − 1 , using filtered (0.2 vm poresize) seawater of 34 o/oo [25] . Animals were cleaned from epiphytic algae by wiping shells with alcohol and placed into the respiration chamber (25 ml volume). Experiments started 1-2 h later and lasted for 5-8 h. Oxygen concentrations were recorded at the inlet and the outlet of the chamber with two polarographic oxygen electrodes connected to an oxymeter (M200, Fa. Eschweiler, Germany) and to a Linseis two-channel chart recorder. Before and after each measurement, oxygen consumption of the system without an animal, as well as the electrode drift, were subtracted from the measurements.
Hydrogen peroxide incubations were not done in the respirometer. After respirometric measurements under control conditions, animals were transferred to a glass beaker, containing the indicated H 2 O 2 concentration in filtered seawater (at 1 to 2°C for 5 h). During this period, H 2 O 2 concentration was controlled photometrically by use of a peroxidase-catalyzed reaction with the analytical dye N,N-diethyl-p-phenylenediamine [6] and readjusted accordingly at hourly intervals. Experiments were carried out in the dark to minimize H 2 O 2 -photodestruction and bacterial growth. Thereafter, the animals were placed back into the respirometer and oxygen consumption recorded again for between 5 and 8 h.
Statistics
Data were analyzed by the InStat software package (Graph Pad, San Diego, CA). Enzyme activity data were analyzed by a simple t-test.
Results
ROS production and oxidati6e by-products
As an index of oxidative stress, increased ROS production in N. concinna tissue was fluorimetrically detected using the DHR probe. The results showed minimal differences among samples deriving from specimens kept at different temperatures above control level (0°C, data not shown). By contrast, increased ROS production was detected in animals exposed to H 2 O 2 at 4°C (PB 0.05) with respect to controls at 4°C, whereas an even higher increase was detected in starved animals exposed to H 2 O 2 ( Fig. 1) . Moreover, cytochemical data showed that H 2 O 2 application at 4°C caused a clear-cut increase of lipofuscin content of lysosomes (P B0.001, Fig. 2b ). Lipofuscin also increased in individuals kept at 4 and 9°C with respect to the 0°C controls (P B 0.001, Bonferroni test among 0, 4 and 9°C, Fig. 2b) , indicating an accumulation of oxidative by-products under these experimental conditions, despite the fact that no surplus ROS production was detected by DHR analysis.
Alteration of lysosome membrane stability and of lysosome contents
Mollusc digestive glands contain cells which are particularly rich in lysosomal vacuoles [32] and therefore this tissue represents an ideal experimental system for an evaluation of the role of lysosomes in cell physiology and cytotoxicity [22] . The cytochemical analysis of lysosomal membrane stability showed that lysosomal integrity was affected by different factors. Animals acclimated to increasing temperatures showed a significant decrease of lysosome membrane destabilization time, indicating lysosome damage (P B 0.001, MannWhitney test, Fig. 2a ). Lysosome membrane destabilization was also significantly detected after starvation at 0°C (PB 0.05, Mann-Whitney test), which emphasizes the importance of diet in the maintenance of the physiological status of these subcellular structures (Fig.  2a) . Moreover, exposure to H 2 O 2 at 4°C severely affected lysosomal membrane stability (P B0.05, MannWhitney test) (Fig. 2a) . The data on lysosomal membrane stability related well to the lysosomal content of unsaturated neutral lipids. The latter (Fig. 2c) increased significantly upon acclimation to higher temperatures (PB0.001, Bonferroni test among 0, 4 and 9°C), starvation at 0°C (PB0.001) and exposure to H 2 O 2 at 4°C (PB0.001). In summary, increasing temperatures, starvation and high H 2 O 2 levels were all able to induce alterations of the lysosomal vacuolar system. only 1 between 1.5 and 4°C. Apparently, there is little effect of temperature on this specific enzyme within the temperature ranges the limpets regularly encounter in intertidal habitats during the Antarctic summer (0-9°C). As it was not feasible, to conduct measurements of SOD activity of the same sample at 4 and 10°C simultaneously, we cannot exclude that this enzyme will also respond with lower Q 10 values to temperature changes below 10°C. All subsequent measurements were conducted at standard assay conditions of 20°C (normalized activities) and real activities were then calculated by applying the previously determined Q 10 values (Fig. 4) . Starved and fed animals were compared at 0°C. SOD was measured in both gills and digestive gland, whereas catalase and GPOX were measured in gills only. Thereby we could compare all antioxidant enzymes in the same tissue (the gills), while oxidative damage is better followed in the lipid rich digestive gland. As there was only material left for the analysis of one enzyme, SOD was chosen because it detoxifies oxygen radicals (O 2 − ) which often are the primary reactive oxygen intermediates during internal ROS generation.
Normalized CAT activities in gill tissue (Fig. 4a ) showed a dependency on temperature. At 9°C, CAT activities were slightly higher than at 4°C, but they differed significantly from the 0°C control group (PB 0.05). Animals starved at 0°C had significantly lower enzyme activities (PB 0.05) than the fed group. Real CAT activities were by far lower, i.e. less than 50% of normalized activities at 20°C in all groups and displayed an increasing trend between 0 and 9°C. Normalized SOD activities in gill tissue (Fig. 4b) were found to be highest at 4°C. Real activities showed a drastic increase between 0 and 4°C and a further increase at 9°C. A similar pattern was found in SOD activities of digestive gland tissue (Fig. 4c) , although normalized activities were 3-fold higher in digestive gland compared to gills. Apparently, SOD activity in the gills is more susceptible to low temperatures, than in digestive gland. No difference between SOD activities in gills of starved and fed animals at 0°C was observed, whereas SOD activity was reduced by 30% in the digestive gland of starved specimens.
Normalized GPOX activities versus temperature are given in Fig. 4d . This enzyme displayed highest activities at 0°C with no apparent difference between starved and fed specimens. Activities were reduced by nearly 50% at 4°C, while at 9°C the activity was nearly back to the 0°C control level. Table 2 gives rates of oxygen consumption (MO 2 ) of individual limpets (at 1-2°C) before and after exposure
Effect of H 2 O 2 on metabolic rates and on CAT acti6ity
Effects of temperature on intracellular pH
Intracellular pH was measured in gill tissue of limpets which had been kept at 4°C for 24 and 48 h and at 9°C for 24 h and compared to a control group at 0°C. As no difference was found between the two groups kept for different time intervals at 4°C, these data were combined to one average value in Fig. 3 . The pH i in the control group was 7.219 0.08. At 4°C there was a minor increase, while a significant pH increment was found between the controls and the group incubated at 9°C (7.369 0.05, P B 0.05). Measurements in digestive gland tissue gave identical results as in gills (data not shown).
Effect of temperature on antioxidant enzyme acti6ities
Q 10 coefficients of SOD and CAT in gill tissues, are given in Table 1 for various temperature intervals between 1.5 and 20°C. According to these Q 10 values and with the exclusion of CAT activities below 10°C, a temperature increment of 10°C would roughly result in a doubling of both enzyme activities. In other words: a measurement at 20°C will over-estimate the real activity of both enzymes under in-situ conditions by 100%. At temperatures below 10°C, CAT Q 10 was only 1.3 and during the 4 h incubation period (Fig. 5a) . Conversely, after 2 h of H 2 O 2 exposure the capacity of the starved animals to decompose H 2 O 2 was expired. Consistent with the ability to break down H 2 O 2 , animals which had been fed prior to H 2 O 2 exposure were able to increase CAT activity from a control value of 1.3569 414 to 1.7819541 (U mg − 1 fw) by the end of the exposure, whereas in starved animals exposed to H 2 O 2 CAT activity resulted lower than in controls (1.1189 250 U mg − 1 fw, see Fig. 5b ). Thus, post-incubatory CAT activities displayed a significant difference between the starved and the fed group (P B0.05) of H 2 O 2 -exposed animals, whereas neither group was significantly different from the non-exposed control group.
Effect of pH on SOD acti6ity
SOD activity in samples from gill and digestive gland tissue was compared for individual samples at pH 7.8 (original assay pH) and at pH 7.2 and 7.4, because, according to our pH i measurements (see above), this is the relevant pH range for Nacella tissue between 0 and 9°C. Data at pH 7.8 were taken as 100% activity, while percent reduction was calculated for each step towards lower pH. SOD activity in gills was not reduced at pH 7.4 (n=3), whereas at pH 7.2 a 10% reduction of SOD activity was found (n= 2). In digestive gland, pH 7.4 resulted in a 9% (n= 3) and pH 7.2 in a 20% reduction of SOD activity (n= 2). Thus, SOD activity in the latter tissue appears slightly more susceptible to pH changes.
Discussion
Antarctic marine ectotherms colonizing intertidal habitats experience transient periods of higher temperatures due to sunlight warming of intertidal pools during low tides, a process which is moreover accompanied by UV-driven H 2 O 2 accumulation [4, 40] . Therefore, these animals are likely to undergo rapid intensification of pro-oxidant processes and their survival in intertidal habitats should partly depend on their capacity to rapidly activate the antioxidant defense system. Because of its seasonal migrations to intertidal areas during the Antarctic Spring [42] , the limpet N. concinna is particularly interesting in this respect.
In this study, a set of experiments was designed to investigate the possible occurrence of oxidative stress in limpets acclimated to temperatures above basic Antarctic seawater levels (−1 to 2°C). The cytochemical assessment of lysosomal alterations showed that increasing environmental temperatures can have a significant impact on cell physiology. Already at an ambient temperature of 4°C, lysosome membranes became destabilized and the accumulation of lipofuscin was to hydrogen peroxide at 3 and 5 vmol l − 1 . H 2 O 2 had an effect on limpet aerobic metabolic rates only at a concentration of 5 vmol l − 1 (45% reduction of mean MO 2 ), whereas exposure to 3 vmol l − 1 H 2 O 2 had no effect on oxygen uptake rates.
Under experimental exposure at 4°C, the capacity to break down H 2 O 2 was clearly higher in well fed animals, which decomposed about half of the added H 2 O 2 increased, while at 9°C these processes were significantly intensified. The alteration of the lysosomal vacuolar system was further testified by neutral lipid accumulation, a parameter which is known to be correlated with membrane destabilization [23] , and could be indicative of altered lipid metabolism, possibly combined with increased autophagy.
Both, lipofuscin accumulation and membrane destabilization argue strongly for an effect of oxidative stress, involving lipid peroxidation and formation of oxidative by-products as a consequence of the increased catabolic activity [44, 39] . Our data indicate that during the 24/48 h exposure to temperatures above 0°C, prooxidant processes caused a progressive cellular damage. However, measurements performed with the fluorescent probe DHR showed that at the end of incubations above 0°C increased ROS production was not detectable, with the clear exception of H 2 O 2 treatments at 4°C. Obviously, exposure to higher temperatures alone induces compensatory effects, i.e. the activation of antioxidant systems.
An additional evidence for an antioxidant response at elevated temperatures, was provided by the antioxidant enzyme assays. Estimates of Q 10 , obtained for SOD and CAT, allowed to deduce real activities. Yet, the patterns of normalized enzyme activities clearly showed differences concerning the inducibility of different antioxidant enzymes.
The physiological implication of normalized activities, measured at a standard temperature of 20°C, is that they allow to compare the catalytic activity in selected tissues and to reveal changing amounts of active enzyme with increasing ambient temperatures. A high standard activity, therefore, reflects a higher amount of catalytically active enzyme per unit tissue. Hence, the standard (i.e. normalized) antioxidant enzyme activities may also be an appropriate measure to compare various tissues for their response to physiological strain, as long as it involves ROS production. By contrast, real activities reflect the true rates of antioxidant enzymes under specific environmental conditions.
The most prominent response of normalized enzyme activity was found for gill SOD between 0 and 4°C. This coincides with a previously found transient overshoot of Nacella's oxygen uptake upon temperature increase from 1.5 to 3°C, which resulted in an extreme Q 10 of 20 [28] . However, by comparing normalized and real SOD activities at 4°C, it seems that the effective protection against radical damage amounts to only one third of the antioxidant potential, measurable at 20°C and it stays speculative whether the effort the animals invest into new enzyme synthesis will pay off to satisfy their needs for protection. Between 4 and 9°C no further induction of SOD activity was observed, which is congruent with a lesser effect of temperature on oxygen uptake above 4°C (Q 10 between 0.8 and 2) [28] . The combination of lysosome membrane destabilization, lipofuscin and neutral lipid accumulation, together with the reduction of SOD activity in both tissues at 9°C demonstrates how elevated temperatures can induce tissue damage in cold adapted invertebrates.
Effects of starvation at 0°C were minor and appeared only in gill CAT and digestive gland SOD data, whereas SOD and GPOX in gills were not reduced. However, the reduction was decisive enough to elicit an increased manifestation of oxidative damage in diges- Table 2 Oxygen consumption (MO 2 ) in N. concinna before and after exposure to hydrogen peroxide at concentrations of 3 and 5 vmol l Experiments were performed in filtered seawater at 1°C. The time interval utilized in the calculation started after an acclimation period of the animals to the incubation system, which was usually between 1 and 2 h after insertion of the animals into the respirometer. Registration of no. 15 started later, due to technical problems. Oxygen consumption was calculated for 5 min intervals. tive gland tissue of starved animals, as shown by cytochemical data and presumably this will also apply to the gills. It should be noted that the cellular levels of different low molecular-weight antioxidants, such as vitamin C, E and carotenoids, but also GSH, are in general related to the diet [27] . A deficit of these compounds could thus become a critical factor with regard to the antioxidant potentials of a starved animal and further investigation could clarify the relative importance of the different antioxidant systems under different environmental conditions.
What may further exacerbate cellular damage is the onset of phospholipase A 2 liberation, from destabilized lysosomes [18] . In many organisms, such an effect could be counterbalanced by a frequently found tissue acidification at higher temperatures, known as the h-stat hypothesis [31] , because phospholipase A 2 activity is substantially reduced when pH i drops to 7.0. Yet, this does not seem to apply to the investigated Antarctic species. After the bivalve Limopsis marionensis [31] , N. concinna is the second Antarctic mollusc in which we find a comparably low pH i at 0°C and moreover, a shift to higher instead of lower pH i with rising temperature. Although this shift by 0.1 pH units seems of minor significance, the lack of acidification may result critical in terms of cellular damage.
When Nacella migrates into the intertidal during Spring and Summer, it is exposed to elevated H 2 O 2 concentrations from atmospheric input and also from UV-driven activation of dissolved organic matter [4, 40] . In our experiments, such a situation was simulated by exposing animals kept at 4°C to roughly the double maximum natural H 2 O 2 concentration. To our knowledge, this is the first time that the effect of environmental peroxide on marine invertebrates is tested in a comprehensive approach. This includes systemic effects, i.e. the reduction of aerobic metabolic rates, which are in line with previous findings [2, 3] , as well as cellular effects including ROS production and the resulting radical damage. Cytochemical data on lysosomal alterations clearly demonstrated that the combined effects of temperature and H 2 O 2 are additive, which means that environmental H 2 O 2 accumulation can exacerbate oxidative stress in animals already disturbed by elevated water temperatures in tide pools. Photochemically induced accumulation of H 2 O 2 of 5 vmol l − 1 and more has been measured in temperate intertidal areas during low tides. This is due to exposure of small water bodies, containing high amounts of photoactive dissolved organic matter (DOM: 6000-7000 vmol C l − 1 ) to solar radiation in shallow tidal pools [4] . In the near shore environment of Potter Cove, highest H 2 O 2 water concentrations were around 2 vmol l − 1 in spite of far lower DOM-concentrations (between 100 and 300 vmol C l − 1 , Abele unpublished results). During our measurements (October-December 1995), H 2 O 2 accumulation resulted from atmospheric wet deposition of snow. This may, however, be different in the vicinity of penguin rookeries, as well as of Antarctic bases with uncontrolled waste water discharge. Thus, to date, H 2 O 2 accumulation in Antarctic intertidal environments remains a largely unpredictable factor, also with respect to invertebrate ecophysiology in changing polar environments.
Despite increased cellular damage, N. concinna responded to H 2 O 2 exposure by further activating catalase, as shown by increased enzyme activity and H 2 O 2 decomposition in the incubation seawater (Fig. 5) . In this context, the role of nutrition became particularly apparent, indicating that the response to noxious H 2 O 2 concentrations while enduring temperatures above 0°C, is probably beyond the possibilities of starved individuals.
H 2 O 2 is an uncharged molecule and thus easily diffusible across cellular membranes including the gill epithelium. As stated by Wilhelm-Filho et al., [43] [1] [2] [3] 11] . Obviously, the animals strive to control the levels of this highly toxic agent not only within their tissues, but also in their environment as long as this is possible.
In summary, the complex of our data suggests that when cold-adapted limpets migrate into intertidal areas, they are indeed exposed to increased oxidative strain, at least during transient periods of daytime ebb tides with enhanced irradiation (water warming) and substantial atmospheric wet deposition which can also contain high loads of H 2 O 2 [40] . The investigated limpets seem able to respond to these conditions by intensifying their antioxidant defense, which corroborates previous data on Antarctic ectotherms as being well equipped with cellular antioxidants to tackle oxidative stress [40, 41] . In addition, our experiments emphasize the role of food for the animals' capacities to survive internal and external ROS attack. However, our data also indicate that a prolonged exposure to temperatures of various degrees above 0°C may overwhelm an organism's defense, by reducing the activity of thermo-labile antioxidant enzymes (e.g. SOD) and by increasing internal ROS production which will entail oxidative damage of subcellular structures, thereby possibly affecting whole animal physiology on a systemic level.
This experimental study is also of some ecophysiological significance. Primarily, the massive presence of a species like N. concinna emphasizes the advantage that intertidal environments offer in terms of food web dynamics in Antarctic litoral ecosystems. Nevertheless, our data indicate that variations of temperature (between 0 and 4°C) together with elevated environmental H 2 O 2 -levels could cause some perturbation of limpet physiology. Given that oxidative stress affects Antarctic marine ectotherms in intertidal habitats, it is likely that such strain may superimpose and even worsen the cytotoxic effects of other injurious agents. It is, therefore, conceivable that various aspects of global change, able to promote pro-oxidant processes, such as ozone layer reduction [4] or planet-scale xenobiotic contamination [13, 37] , could seriously imperil life in Antarctic shallow water and intertidal habitats.
